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8.1 INTRODUCTION 

CO 

Kinins are believed to be primary mediators of pain and inflammation, acting g 
both to activate nociceptors directly and to induce prolonged inflammatory 
hyperalgesia. Kinins are released in damaged tissues from bloodborne kinino- 5 
gen precursors by the action of kallikreins. In addition to their algogenic and 
vasodilator properties, 1 - 2 kinins trigger an inflammatory positive feedback cy- 
y cle, stimulating the release of prostaglandins and cytokines, which in turn am- ^ 
plify the responsiveness of inflamed tissue to kinins. 3,4 Elevated levels of 2 
circulating bradykinin have been demonstrated in patients with rheumatoid 
arthritis, confirming the involvement of bradykinin in pathophysiological 
processes of inflammatory disease. 5 Kinins are also believed to mediate the 
bone resorption seen in chronic inflammatory conditions such as periodonti- 
tis, osteomyelitis, and rheumatoid arthritis. 6 These observations provide a ^ 
compelling rationale for the development of kinin antagonists as analgesic g 
and anti-inflammatory drugs. 

The actions of bradykinin are mediated by means of two distinct receptors 
designated B, and B : . Both receptors were cloned by Hess and colleagues. 7 '* 
Bradykinin itself is thought to act mainly through B 2 receptors that are widely 
and constitutively expressed, for example on immune cells and on neuronal 
and vascular tissues/' The direct activation of B, receptors on nociceptors 10 
probably explains why intradermal injection of bradykinin is extremely 
painful in humans. 2 " Although B : receptor antagonists might therefore be 
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expected to possess analgesic activity, concerns over the safety implications 
of blocking a putative cardioprotective function of bradykinin 12 has damp- 
ened enthusiasm to develop such compounds. The B, receptor shows 10 to 
50-fold higher affinity for des-Arg'°[kallidin] and for the metabolite des- 
[Arg ]bradykinin than for bradykinin and is expressed in low abundance in 
normal tissues; the de novo synthesis of B, receptors is increased over time 
following tissue damage and exposure to inflammatory agents. 3 - 13 

Unlike the B 2 receptor, the ability of B, receptor stimulation to activate no- 
ciceptors directly has not been firmly established. However, the inducible na- 
ture of B, receptors at the site of injury may make this a more attractive target 
for drug development since selective antagonists might be expected to cause 
minimal disruption of normal physiology in noninflamed tissues and so cause 
few unwanted side effects. The decision about which bradykinin receptor to 
target for drug development therefore depends on a careful evaluation of their 
contributions to painful inflammatory disease and whether their blockade can 
be achieved without compromising clinical safety. 



8.2 PRODUCTION OF KININS IN RESPONSE TO TISSUE INJURY 

Kinins are produced in the blood and tissues in response to tissue damage. 
These include bradykinin, which acts at the B, receptor subtype, and des- 
[Arg'Jbradykinin and des-[Arg ,0 ]kallidin, which are B, receptor-preferring 
peptides 51415 (Fig. 8.1). Although the details of the enzymic biosynthesis of 
bradykinin were known in considerable detail from the work of Rocha e Silva 
and his colleagues, it was not until 1959 that the identity of bradykinin as a 
nine-amino acid peptide was revealed. 16 The production of bradykinin from 
inactive precursors and its rapid degradation in tissues has complicated the 
study of its pharmacology in vivo. 

The production of bradykinin and cognate peptides from their precursor 
molecules following tissue damage involves serine protease enzymes known 
generically as kallikreins. Tissue kallikrein and plasma kallikrein are mem- 
bers of different enzyme families, 17 "* but both lead to production of 
bradykinin. In plasma, activated factor XII cleaves prekallikrein to give active 
plasma kallikrein, which in turn cleaves high-molccular-weight kininogen to 
give bradykinin. [n the tissues, damage or inflammation leads to release of 
proteases that cleave prekallikrein to give tissue kallikrein, which then cleaves 
low-molecular-wcight kininogen to give bradykinin and Lys-bradykinin.' 7 
Production of kinins is stimulated by a variety of inflammatory stimuli and 
can be evoked by bacterial endotoxins, local irritation (e.g., with uric acid 
crystals), or antigen/antibody reactions, and degranulating mast cells release 
proteases that have kallikrein- like activity. 1 " It is also significant that the ac- 
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Figure 8.1 Production of kinins in response to tissue injury. 

tivity of kininases, which normally limit the lifetime of kinins in the biophase, 
is inhibited by the acid environment of inflamed tissues, thus increasing ef- 
fective kinin levels. It has also been reported that levels of the B; 
receptor-preferring peptide des-[Arg 9 ]bradykinin are elevated more than 
those than those of bradykinin itself during inflammation produced by intra- 
dermal carageenan injection. 20 



8.3 ROLE OF BRADYKININ AND OTHER KININS IN PAIN 
AND INFLAMMATION 



Armstrong and his colleagues 2 ' were the first to show that kinins were pro- 
duced in an experimental blister on human skin and could cause pain when 
applied to a blister base. Since pure synthetic bradykinin has been available, 
it has become readily apparent that this peptide can directly activate noci- 
ceptor fibers, innervating many tissues, including skin, joint, muscle, and 
internal viscera. 1922 24 Bradykinin is the most potent algogen known and one 
of the few that stimulates nociceptors in the absence of other chemical 
agents. Physiologically, it is probably more significant that bradykinin pow- 
erfully potentiates the actions of other substances released by tissue inflam- 
mation and damage, such as prostaglandins, serotonin, and cytokines 25 (see 
Ref. 26 for a review). More recently it has been shown that bradykinin is de- 
graded to des^Arg^-bradykinin, which is also an important activator of 
kinin receptors. 
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Interestingly, there are tissue-specific differences in the sensitivity of noci- 
ceptors to bradykinin. It has been estimated that about half of all unmyeli- 
nated and small myelinated afferent fibers in skin are sensitive to excitation 
by bradykinin (as defined by a 1-min exposure to 10" 5 M bradykinin), while 
in deeper tissues over 90% of C fibers may be bradykinin sensitive. 27 ' It has 
also been suggested that units that are not overtly sensitive to bradykinin can, 
nevertheless, show sensitisation of their responses to thermal noxia in the 
presence of bradykinin. 28 After inflammation with carageenan, more than 
80% of cutaneous nociceptors were found to be bradykinin sensitive. 29 

Bradykinin can be shown to produce its excitatory effects on nociceptors by 
direct depolarization, and recordings from anatomically identified dorsal root 
ganglion neurones reveals that it is only a proportion of the smaller neurones 
that are sensitive to bradykinin. Intracellular recordings have shown that the re- 
sponse to bradykinin is through the activation of phospholipase C (PLC). This 
leads to elevation in intracellular Ca 2+ and activation of protein kinase C 
(PKC), and it has been shown that inhibitors of PKC may reduce responses to 
bradykinin. 30 As the actions of prostaglandins and bradykinin on sensory neu- 
rones are additive, the stimulation of prostaglandin production by PLC activa- 
tion is also relevant. 30 Production of prostaglandins can also be stimulated by 
bradykinin-induced activation of phospholipase A 2 in non-neuronal cells. 26 
The dual action of prostaglandins and bradykinin on nociceptors increases in- 
tracellular cyclic AMP levels, which inhibits the slow after-hyperpolarization, 
thereby increasing the effective burst duration following stimulation. 26 
Interaction between kinins and cytokines are also important, in part because of 
the up-regulation of kinin receptor expression by cytokines 31 ( see below). 

Indirect effects of bradykinin are important determinants of the effect of tis- 
sue inflammation on nociceptor activity (Fig. 8.2). The activation of primary af- 
ferent nociceptors and sympathetic neurones leads to release of transmitters 
contained in the peripheral terminals of these neurones. Neuropeptides released 
from sensory neurones include substance P, which produces profound neuro- 
genic extravasation plus a smaller amount of vasodilation by activation of NK 
receptors. 32 ' 33 It is interesting to note that bradykinin-induced bronchoconstric- 
tion in asthmatics was reduced by aerosol administration of the NK, receptor an- 
tagonist FK-224. 34 Release of calcitonin gene-related peptide (CGRP) from the 
same population of sensory neurones causes vasodilatation and also potentiates 
the extravasation action of substance P.* 35 The influence of sympathetic neu- 
rone activation and the release of monoamines on inflammation is somewhat 
controversial. Levine and his colleagues* 07 have argued for an important role of 
the sympathetic postganglionic nerve in the production of inflammation and hy- 
peralgesia by bradykinin. In their experiments, activation of the sympathetic 
nerves, either indirectly by mast cell degranulation or more directly by injection 
of bradykinin, produced an extravasation response that was decreased by chem- 
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Figure 8.2 Roles of kinins in pain and inflammation. (Modified from Ref. 94.) 

ical or surgical sympathectomy.* 7 * 38 Others have conversely found that although 
peptide depletion with capsaicin or blockade of prostaglandin synthesis with in- 
domethacin would reduce bradykinin-induced hyperalgesia, chemical sympa- 
thectomy had no effect. 39 ' 40 Kinins release histamine and serotonin from mast 
cells and may also be chemotactic and attract immune competent cells to the site 
of inflammation. 26 It is clear that sensory ganglia are well innervated by post- 
ganglionic sympathetic and parasympathetic nerve fibers, however, 41 recent 
work suggests that there is a direct action of bradykinin that is independent of 
the sympathetic nerves and a negative feedback operating through the nocicep- 
tive afferents and the hypothalornopituitary adrenal axis, which depends on an 
intact sympathetic system. 42 Bradykinin excites sympathetic ganglion neurones 
by inhibition of an M-type K* current by means of G^,. 43 Paradoxically, 
bradykinin can also inhibit voltage-dependent N-type Ca 2 " currents in some 
cells by a mechanism involving the protein kinase P38-2. 44 



8.4 MOLECULAR PHARMACOLOGY AND SPECIES 
DIFFERENCES IN BRADYKININ RECEPTORS 

The cloning of B, and B, receptors from human, rat. mouse and rabbit has 
helped to interpret some of the differences in the pharmacological profiles of 
B, and B : receptors across species. For B, receptors there are striking species 
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differences in the affinity of the des-[Arg] metabolites of kallidin and 
bradykinin, the endogenous ligands for B, receptors (and also differences in 
the affinity of synthetic Leu-substituted analogs of these metabolites) Des 
[Arg Jkalhdin has much higher affinity than des-[Arg 9 ]bradykinin for the hu 
man B, receptor; this difference is less for the rabbit receptor, while the rat 
and mouse receptors have higher affinity for des-fArg'lbradykinin 45 
Furthermore, des-[Arg ,9 Leu']kallidin and des-[ArgW]bradykinin are par 
!' «%°T S t the m0USe B r r «*Pt<>r, but antagonists at the human recep- 
tor. • The affinity and selectivity of ligands for B, receptors can also vary 
across species. For example, B9858, a designer peptide B, receptor-selective 
antagonist, has greater than 1000-fold selectivity for human B 2 over B re 
ceptors (0.04 nM compared to 146 nM), whereas affinity for the mouse B* re 
ceptor is much lower (5.4 nM), and selectively over mouse B 2 receptors is 
reduced to approximately 30-fold. 45 Overall, the pharmacological profile of 
human and rabbit B, receptors is similar (although there are some minor dif- 
ferences) and contrast to the profiles of rat and mouse receptor 47 - 50 

The peptide-binding domains for the B, receptor are uncharacterized, al- 
though it is known that for peptides the presence of lysl or D-Arg groups at 
the N terminal are important for affinity, and amino acids at positions 7 and 8 
seem to be important for receptor activation and for selectivity over the B re 
ceptor, respectively. 51 " 55 The human B, receptor gene is regulated by two pro- 
moters and !t is tempting to speculate that expression, either constitutive or 
inducible, is regulated by one or the other of these promoters. 54 

In most species bradykinin is the endogenous ligand for B, receptors 
Good pharmacological tools are available, including peptide antagonists (e.g 
HOE 140) and non-peptide B 2 receptor selective agonists (FRf90097) and 
antagonists (FR1 67344, FRI 73657, WIN 6433S). 55 - 57 Species differences ex- 
ist .n the affmity of both peptide and nonpeptide B, receptor antagonists For 
example, binding studies have shown that FRI 67344 and FRI 73657 show 
higher affinity fsubnanomolar) for rat and guinea pig B, receptors compared 
to human B, receptors (65 nM,. 5 *- 5 ** Unlike the B, receptor, the overall phar- 
macolog.cal prof.le of B 2 receptors across species does not tall conveniently 
into clear-cut divisions."" The peptide-binding domains to the B, receptor 
have been partially characterized using anti-iodiotvpic antibodies" and site- 
tl.rected mutagenesis. Extracellular domains 3 and 4 (Fiu. 8.3) and the upper 
regions oftransmembrane domains 4 and 7 are important for bradykinin and 
HOE 140 binding and for receptor activation." 1 Transmembrane 3 (particu- 
larly N Lys) is important for determining peptide selectivitv between 
bradykinin receptor subtypes/ 0 Interestingly, sequence alignment of the hu- 
man, rat, mouse, and rabbit B. receptors shows most diversity in the fourth 
extracellular domain and the upper regions oftransmembrane 7 both of 
which are important for peptide binding. Several polymorphisms of the 
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human B 2 receptor gene have been identified, including changes to the pro 
motor region and a change resulting in a switch from a tyrosine to a cysteine^ 
residue at position 14. The impact of these changes or the involvment of B 
receptors in hereditary disease is unknown. 63 2 
The sequence homology between B, and B, receptors is low (35% at the 
ammo acid level for human B, and B, receptors 50 - 50 (Fig. 8.3). Although it has 
been possible to make peptide dimers with dual affinity for both B and B re 
ceptors, 51 it would be challenging to design small synthetic molecules with 
dual affinity for both B, and B 2 receptors. In addition, since bradykinin re- 
ceptors show similar levels of homology to other G-protein-coupled receptors 
(e.g., 30% homology to the angiotensin AT 2 receptor), this may limit the level 
of attainable specificity. 



8.5 TISSUE DISTRIBUTION AND EXPRESSION 
OF BRADYKININ RECEPTORS 

The distribution and expression of B, and B 2 receptors has recently been re- 
viewed extensively (see Refs. 64 to 66 for detailed descriptions). This review 
will focus on recent discoveries, particularly those dealing with the distribu- 
tion of bradykinin receptors in human tissues. 

B, receptors are often regarded as atypical in that they are not always ex- 
pressed on the cell surface, and their expression is inducible. 6446 The induc- 
tion of B, receptors is generally believed to involve de novo synthesis of B 
receptor protein since it can be inhibited by mRNA and protein synthesis in- 
hibitors such as actinomycin D and cyclohexamide. 64 This is supported by the 
observation that B, receptor induction can lead to an increase in receptor den- 
sity or number of binding studies, or in an increase in the magnitude of the 
functional response, but is not always associated with changes in the affinity 
or potency of B, receptor ligands. 8 67 

It is generally assumed that under normal conditions B, receptors are not 
constitutively expressed in tissues, but that expression can be induced or up- 
regulated. In some studies, upregulation is measured by the appearance of 
specific B, receptor sites determined using radioligands or antibodies, and in 
other studies by development of a functional response to selective B, receptor 
agonists or antagonists. It should be remembered that the appearance of bind- 
ing sites does not imply that those "receptors" are functional proteins, and on 
the other hand, the development of a functional response does not exclude the 
existence of a preformed, nonfunctional receptor protein. Tissue injury can 
evoke the expression of B, receptors and/or functional response. This can be 
seen in some animal assays, such as persistent hyperalgesia. 2 " Importantly. B, 
receptor expression has been detected in inflamed tissues in humans, speeifi- 
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cally in human stomach obtained as biopsy material from patients with gas- 
tritis, but not in the same tissue from control patients. 68 Other inducing factors 
are pharmacological agents including inflammatory mediators such as inter- 
leukins, cytokines, or bacterial toxins lipopolysaccharide (LPS) and growth 
factors.' 60 64 The presence of an inflammatory stimulus is not a prerequisite 
and the induction of a B, receptor-mediated responses in isolated tissue 
preparations can be evoked by incubation in physiological salt solutions (at 
37°C). 64,65 The length of the induction period can vary depending on the 
species; in vivo experiments have shown that induction of B, receptor ex- 
pression evoked by LPS injection takes 2 h in rabbits compared to 12 to 24 h 
in rats. 1X69 For human isolated tissues (e.g., coronary artery, umbilical vein, 
and ileum), the length of the induction time varies from 3 h to overnight in- 
cubation. 70 " 72 The up-regulation of B, receptor expression is important since 
it results in amplification of tissue responses to kinins and increased respon- 
siveness to the long-lived des[Arg] metabolites of native kinins. 

There are exceptions to the general assumption that in native tissues B, re- 
ceptor-mediated responses cannot be detected except following tissue injury 
or disease. These exceptions may be species-dependent phenomena. B, re- 
ceptor expression (either inducible or constitutive) has not been reported in 
guinea pig tissues 60 ; no B, receptor-mediated responses have been detected in 
normal tissues from rabbit, rat, pig, or cow. 64 " 66 In contrast, responses to B, re- 
ceptor agonists have been reported in hemodynamic studies using normal 
dogs and cats. 64 - 66 - 73 Human tissues may also express constitutive B, receptors. 
In human isolated ileum (a tissue that under normal conditions is unrespon- 
siveness to B, receptor agonists), protein synthesis inhibitors reduced but did 
not completely abolish B, receptor induction, suggesting the existence of pre- 
formed, nonfunctional receptor protein. 70 B, receptor immunostaining is pres- 
ent on vascular smooth and endothelial cells in normal human blood vessels 
and also in vessels with atherosclerotic lesions, 74 although no pharmacologi- 
cal snidies were conducted with these vessels to determine receptor function- 
ality. The existence of preformed nonfunctional receptor protein may explain 
the apparent short time course for B, receptor induction (2 to 3 h for some tis- 
sues). 65 This issue should be addressed using a combination of selective B, re- 
ceptor radioligands or antibodies and determination of the absence or 
presence of a functional B, receptor response. 

B 7 receptors are regarded as the constitutive bradykinin receptor in that 
theyWe expressed in tissues under normal conditions. 60 However, there is 
some evidence that B, receptor expression can also be up-regulated. In dog, 
cultured tracheal smooth muscle cells incubation (24 h) with forskolin leads 
to an increase in the number of B : receptor binding sites, an effect that can 
be blocked by protein synthesis inhibitors. 54 Up-regulation of B. receptors by 
interluekin-l has also been reported for cultured human synovial cells. 75 
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TABLE 8.1 Cell Types Expressing B, Receptors and B 2 Receptors' 

B, Receptor Sites/Responses 



Smooth muscle 
♦Gastrointestinal tract 56,70 
♦Vascular 66 ' 7476 - 77 
Genitourinary tract 66 
Airway 66 
Blood cells 
♦Neutrophils 66 ' 7 * 
♦Macrophages 66,74,76 
Lymphocytes 66 
♦Endothelial cells 66 7677 
•Fibroblasts"- 66,74 
Neuronal 

Superior cervical ganglia 1 ' 79 
♦CNS (human thalamus, hypothalamus ) m * 
Spinal cord (human substantia gclatinosa 
and intcmcurons) 77 

Bone 

Osteoclasts'* 
Osteoblasts''''' 



B ; Receptor S ites/Responses 

Smooth Muscle 

Gastrointestinal tract 66 
♦Vascular 66 - 71 * 74 - 76 
♦Genitourinary 6 * 
Airway 66 
Ocular 66 
Blood cells 
♦Macrophages 7476 
Neutrophils 711 
♦Endothelial cells*- 76 - 77 
•Fibroblasts' 476 
Neuronal 

Superior cervical ganglia 7 " 
♦Sensory neunms^- 60 ^' 
CNS (cortex, hypothalam us, 
♦caudate, pons, medulla) 77 " 
Skeletal muscle* 2 
♦Kidney**" 
*SkiV 4 

•Epithelial cells'* 5 
•Synovial ceils"' " 
•Cancer cells* 



" Duia were determined citlier phainacolo»ii;-i.K u<im. r.m i " " " 
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It is generally accepted that B, receptors are present on nociceptive C and 
A5 fibers innervating skin, joint, muscle, tooth pulp, and viscera 36 ' 30 and on 
postganglionic sympathetic fibers. 26,31 ' 79 Bradykinin activates nociceptors and 
sensitizes them to other physical and chemical stimuli 26 and activation of B 2 re- 
ceptors on sympathetic fibers results in blood flow changes and the release of 
secondary mediators which in turn promote extravasation and/or sensitize no- 
ciceptors 26 (see Fig. 8.2). The expression of Bj receptors on sensory and sym- 
pathetic neurones is less clear cut. B 1 receptor agonist des-[Arg 9 ]bradykinin or 
des-[Arg 10 ]kallidin failed to activate primary afferents in a spinal nociceptive 
reflex preparation 30 or cultured rats dorsal root ganglion. 87 No B, receptor-me- 
diated responses were detected in dorsal root sensory ganglia (ILip treated) 
obtained from either wild-type or B 2 receptor knockout mice, despite the pres- 
ence of B { receptor mRNA. 79 In mouse and rat superior cervical ganglia (sym- 
pathetic) B, receptor-mediated responses can only be detected following 
induction with ILip and in the presence of captopril, a peptidase inhibitor. 31 - 88 
These findings suggest that the B, receptors that contribute to inflammatory 
hyperalgesia may not be located on sensory neurones but may be expressed by 
other cells that release mediators that sensitize or directly activate nociceptors. 

There is evidence for a role of central B 2 receptors in blood pressure control 
and, more relevant to this review, in the processing of nociceptive information. 
Injection of bradykinin into the brain either intracerebroventriculalry or intrathe- 
cally increases nociceptive behaviors and blood pressure. 26,80 B 2 receptor binding 
sites (determined using radioligand binding or immunohistochemistry) are pres- 
ent in cerebral cortex, hypothalamus, caudate, subfornical organ, red nucleus, 
pons, and some nuclei in the medulla (e.g., solitary tract nucleus 26,76,80,81 ). Most 
relevant to nociception are the B 2 receptor sites present in the spinal cord (su- 
perficial layers of the dorsal horn and descending noradrenergic bulbospinal 
neurones 76,80 ). Until recently, no B, receptor sites were reported in the central 
nervous system. However, Cassim et al. 76 used immunocytochemical techniques 
to show B, receptors in human brain (hypothalamus and thalamus) and spinal 
cord (substantia gelatinosa and some interneurones). The role of these B, re- 
ceptors is unknown. The development of improved pharmacological tools for the 
Bj receptor, with greater selectivity and metabolic stability, will help to clarify 
this issue. 



8.6 ANTINOCICEPTIVE ACTIVITY OF PEPTIDE BRADYKININ 
RECEPTOR ANTAGONISTS 

Until recently, the only pharmacological tools that were available to explore the 
roles of different kinin receptors in pain and inflammation were peptide 
antagonists, such as the selective bradykinin B ; receptor antagonist dcs[Arg'- 
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Figure 8.4 Narrow dose window for antinociceptive activity of des-Arg'[Leu 8 ]bradykinin in 
the formalin and carrageenan paw tests in mice and rats. Mice received an intraplantar injec- 
tion of formalin (20 uL of 2.5% solution) 10 min after the test compounds; the duration of lick- 
ing was recorded throughout the period 10 to 20 min thereafter. In rats, test compounds were 
administered 2 h after intraplantar injection of carrageenan (4.5 mg) and the change in paw 
pressure thresholds was determined 1 h later. (From Ref. 92.) 



the proposed distinction between B 2 receptor activation in acute nociception, 
compared with the inducible B, receptor appearing relatively more important 
in chronic inflammatory hyperalgesia, does not readily account for the anti- 
nociceptive and anti-inflammatory activity of des-Arg 9 [Leu 8 ]bradykinin in 
several acute assays, including formalin paw, 92 - 101 ' 102 capsaicin-induced der- 
mal inflammation, 103 and carrageenan-induced hyperalgesia. 92 In these as- 
says, nociception or inflammation is assessed < 30 min after injection of the 
inflammatory agent, an observation that is not easily reconciled with the low 
levels of constitutive expression of the B, receptor. ^ ^ 

To attempt to overcome the limitations associated with des-Arg [Leu ]- 
bradykinin, we assessed the antinociceptive activity of B9858 (Lys-Lys°, Hyp 3 , 
Igl 5 , D-lgP, Oic\ des-Arg 9 bradykinin), which has recently been described as 
a potent, stable peptide B, receptor antagonist. 52 Unlike Arg'^Leu^bradykinin, 
B9858 behaved as a full antagonist at cloned human and murine B, receptors 
using an in vitro aequorin bioluminescence assay.- 45 However, the expectation 
that B9858 might exhibit a wider antinociceptive dose range compared with 
des-Arg'tLeu^bradykinin in vivo was not borne out in either the carrageenan 
or formalin paw assays (unpublished observations). 

The difficulties associated with the use of peptide antagonists lor in vivo 
functional pharmacology studies underlines the need to develop selective, 
metabolically stable, nonpeptide B, and B : receptor antagonists. Recently, the 
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first orally active nonpeptide B, antagonist, FR1 73657. was described ,<M This 
compound was found to inhibit bradykinin-induced bronchoconstrictioa and 
carrageenan-induced paw edema in rodents but has not yet been evaluated for 
its effects on nociception. Progress is also being made to develop nonpeptide 
1 anta g<»»sts such as the compounds exemplified in a patent filed by Sanofi 



8.7 PHENOTYPE OF BKr+ MICE 

The ability to produce knockout mice with targeted disruption of genes en- 
coding specific proteins has become a popular alternative approach to evalu- 
ate the function of neurotransmitter receptors in vivo, particularly where 
suitable pharmacological antagonists are not yet available. Mice in which the 
bradykinin B 2 receptor was knocked out (Bk2r+) have been available for sev- 
eral years, so these have been characterized in most detail. Unlike tissues 
from wild-type animals, membrane preparations from the ileum or uterus of 
Bk2r rn.ce provided no detectable binding of [ 3 H]bradykinin, and there 
were no functional responses to bradykinin in uterine or neuronal tissues 106 
Recently, we described the behavior of Bk2r+ mice in a range of conscious 
animal nocicept.on assays. In view of the known algogenic effects of 
bradykinin that are believed to be mediated by means of B, receptor activa- 
tion, we observed surprisingly subtle changes in nociception "in Bk2r+ mice 92 
As would be expected following deletion of this gene, Btc2r+mice failed to 
exhibit a nociceptive behavioral response to intraplantar injection of 
bradykinin (Fig. 8.5), confirming that the direct activation of nociceptors by 
bradykmin agonists involves the B 2 rather than the B, receptor, at least in non- 
inflamed tissues. These findings are consistent with the ability of HOE 140 
and other peptide B, receptor antagonists to inhibit nociception elicited by 
bradykmin in animals and humans.- 95 " The Bk2r'~ mice also failed to de- 
velop paw edema or thermal hyperalgesia in response to intraplantar injection 
of carrageenan, mdicating that the action of bradykinin at B 2 receptors is an 
essential initial step in the inflammatory response to this polysaccharide This 
observat.on is consistent with the inhibition of carrageenan-induced edema 
and thermal hyperalgesia by peptide B, antagonists such as NPC 567 * 7 

In contrast to their abnormal response to bradykinin and to carrageenan 
Bk2r mice exhibited intact nociceptive responses in a number of other lests 
Their spinal nociceptive reflexes, assessed using a paw flick test, appeared 
normal, suggesting that bradykinin is not involved in the activation of thermal 
nociceptors in the absence of inflammation or tissue dama»e. Moreover, no- 
ciception and inflammatory hyperalgesia elicited by intraplantar injection of 
lormalm or complete Freunds adjuvant were indistinguishable in and 
wild-type mice ( Fig. 8.5). This finding was unexpected in view of reports that 
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Figure 8.5 Response of Bk2r~*~ mice to intraplantar injection of bradykinin or formalin. 
Aversive behaviors elicited by intraplantar injection of bradykinin (10 nmol) or formalin 
(2.5%) were recorded by direct observation for up to 35 min. Also shown is the inhibition of 
the late-phase response to formlin by intraplantar injection of des-Arg 9 [Leu 8 ] bradykinin (0.3 
nmol) in Bk2r+ mice. (From Ref. 92.) 



peptide B 2 receptor antagonists such as HOE 140 and NPC 567 could at- 
tenuate nociceptive responses evoked by formalin 101 and increase the load 
tolerated by the arthritic joints of experimental rats. 107 Interestingly, the anti- 
nociceptive effect of the B t receptor antagonist des-Arg 9 [Leu*]bradykinin 
against the late-phase response to formalin was still demonstrable in Bk2r^" 
mice (Fig. 8.5), indicating that induction of B, receptors is not dependent on 
B 2 receptor stimulation. The findings from phenotypic characterization of 
Bk2r~ / ~ mice suggests that B 2 receptor activation is required for some, but not 
all, responses to noxious stimuli and that the clinical potential of B 2 receptor 
antagonists to treat chronic pain and inflammation may therefore be limited. 

The first bradykinin B, receptor knockout mice (Bklr~) have been generated 
only recently; unlike wild-type animals, administration of bacterial lipopoly- 
saccharide to Bklr J ~ mice failed to increase B, receptor mRNA in peripheral tis- 
sues (heart, lungs, kidney, liver, ileum, and stomach). In isolated tissue 
preparations (stomach and ileum) the contractile response to the B, receptor 
agonist clcs-[Arg ^bradykinin was absent in Bklr ' mice."* Such animals pro- 
vide a means to circumvent the limitations of currently available peptide 
bradykinin antagonists to clarify the relative contributions of the B, and B-, 
receptors to acute and chronic noxious and inflammatory responses. The 
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phenotype of Bklf mice in assays of acute and chronic inflammatory hyperal 
gesia has notyet been characterized; this remains an important objective for ft 
ture investigations. K j^uve ror ru- 



8.8 B, OR B 2 RECEPTORS AS DRUG DEVELOPMENT TARGETS 

The existence of two bradykinin receptors begs the question of which is the 
better target for drug development. The low 05%) sequence homologl fe! 
tween the B, and B 2 receptors suggests that it would be difficult to design a 
pharmacological antagonist that would block both of these and still retain ad 
equate selectivity over other G protein-coupled receptors. Faced with the 
need to choose one receptor as a target for development, it is important to as- 
sess which of these is the most compelling. 

The evidence summarized in Table 8.2 indicates that at present the B recep- 
tor remains an attractive target because it is induced locally at the site of tissue 
injury, so that blocking this receptor should cause minimal disturbance of phys- 
iology m normal tissues, and because studies using peptide B, receptor antago- 
nists indicate that these are active in a wide range of nociception assays involving 
both acute and chronic inflammation. Although the response of Bklr+ mice to 
noxious stimulation has not yet been assessed, these animals appear healthy and 
no adverse consequence of blocking or deleting the B, receptor is known at pre- 
sent. In contrast to this are a number of emerging reservations about the B re- 
ceptor as an analgesic drug target. Pharmacological blockade of the B, receptor 
results in ant.noc.ception in only a narrow range of animal assays compared with 
B, antagonists. While recognizing the limitations of studies using peptide antag- 
onists, ,t is clear that the subtle changes in response to noxious stimuli seen in 
Bk2r mice are broadly consistent with this conclusion. 

A second important area of concern regarding the development of B, re- 
ceptor antagonists involves the ubiquitous and constitutive expression of 
these receptors that may give rise to adverse effects, particularly involving the 

TABLE 8.2 B, or B : Receptor: Which Is the Best Drug Target? 



B i B, 



Antinociceptive activity of Wide range of acute and Limited ac.ivitv in acute 

peptide antagonists chronic assavs assays 

Phenotype of Bkr " mice No, known Rcspond lo nu)s , n ^ 



stimuli 
Constitutive 



Expression Inducible 

Potential harmful effects None known Ci^Tiro^kw? 
Hypertension? 
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cardiovascular system. A major issue surrounds the potential for provoking or 
exacerbating hypertension by blocking B 2 receptors. The kallikxein-kinin 
system regulates water and sodium excretion and so participates in blood 
pressure homeostasis. Although Bklr*- mice exhibit normal resting blood 
pressure, recent studies have demonstrated that the hypertensive response to 
a high-salt diet was almost doubled in Bk2r^~ mice compared with wild-type 
controls. 109 - 110 These observations suggest that drugs blocking the B, receptor 
might predispose individuals to develop salt-sensitive hypertension and may 
counteract the beneficial effects of antihypertensive therapies. The contribu- 
tion of B, receptor-mediated events to blood pressure homeostasis has not yet 
been investigated under these conditions. Another major clinical safety con- 
cern is that the B 2 receptor antagonist HOE 140 has been shown to attenuate 
the antiarrhythmic (cardioprotective) effects of ischemic preconditioning in 
anesthetized dogs. 12 Again, the consequences of blocking the B l receptor have 
not been established under these conditions. 



8.9 CONCLUSIONS AND FUTURE DIRECTIONS 

There is a strong preclinical rationale for the development of bradykinin an- 
tagonists to treat pain and inflammation. Both Bj and B-, receptors represent 
potential analgesic drug targets, although the B, receptor is currently of most 
interest because it may provide greater clinical efficacy in chronic pain states 
and a more favorable clinical safety profile. The question of whether 
bradykinin antagonists can be developed successfully into safe and effective 
anti-inflammatory analgesic drugs awaits the identification of nonpeptide an- 
tagonists that have high affinity for the human receptor and careful preclini- 
cal safety and efficacy studies in appropriate species. Studies to characterize 
the expression and localization of bradykinin in normal and pathological tis- 
sues will also make an important contribution to our understanding of their 
role in health and disease. 
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